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Abstract 
Smart signal acquisition and signal processing methods are necessary for a robust and highly dynamic mass flow measurement on 
basis of the Coriolis principle, which allows the direct determination of the mass flow independent of process conditions with a 
precision of 0.2 % of reading. Optical sensors which record the movement of the flow pipe have been designed and arranged with 
focus on fast signal processing and low complexity for a Cramér-Rao optimal information analysis. Therefore it is possible to 
recognize and compensate superimposed movements of the flow pipe in all six degrees of freedom as well as aging effects of the 
sensor elements. This leads to an increased zero point stability and a greater flow measurement range. Several algorithms for online 
phase estimation like Hilbert transform, correlation, discrete-time Fourier transform and quadrature demodulation in combination 
with minimum phase filters are investigated to develop a system with minimal time delay. 
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1. Introduction 
Coriolis flowmeters are used in many industry segments due to their capability of precise and direct mass flow 
measurement independent of the viscosity, pressure, temperature and density of the fluid. The principle is based on a 
flow pipe exited in a fundamental mode and position sensors to measure the movement of the pipe like shown in 
Fig. 1a. If there is no mass flow ী the signals of the position sensors are in phase. A mass flow through the pipe has 
to be accelerated from the fixed inlet to follow the movement of the pipe. This results in a superimposed oscillation of 
a second mode whose amplitude is proportional to the mass flow and two or more orders of magnitude smaller than 
the amplitude of the excited fundamental mode. The direct measurement of this superimposed amplitude is challenging 
and low cost position sensors with the required resolution and long-term stability do not exist. 
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For this reason the superimposition is measured via optical fork light barrier position sensors as phase shift with respect 
to the fundamental mode. These sensor signals have a common time varying frequency whereas their amplitude and 
phase are time varying independently. The phase shift ¨ ĳ induced by the mass flow can be calculated from the captured 
amplitude of the excitation AE and the Coriolis amplitude AC throughο߮ ൌ ሺܣ஼Ȁܣாሻ.  
 
2. Sensor correction and calibration 
Deviations of the alignment of the position sensors and the rotation axis of the flow pipe through manufacturing 
tolerances, process conditions or flow changes can lead to an incorrect flow measurement. A shift of the rotation axis 
in z- or y-direction according to Fig. 1b results in an offset change and a scaling of the measured amplitude. As the 
flow analysis is purely based on the phase information these changes do not influence the measurement. A shift in x-
direction results in an unequal scaling of the Coriolis amplitude AC and the excitation amplitude AE which would result 
in a phase measurement if no correction is performed. By using a sensor configuration like shown in Fig. 1b with three 
position sensors S1, S2, and S3 the position of the rotation axis xR can be calculated from the relative position of the 
sensors x1, x2, x3 and the phase differences between their signals ĳ12, ĳ13, ĳ 23. With the position of the rotation axis xR 
a corrected Coriolis amplitude Acc can be calculated which is independent of the position of the rotation axis through 
 
    
with 
 
(1)
The three sensors are positioned in a way that optimizes the phase shift at nominal flow and the achievable signal 
to noise ratio [1]. To achieve a long-term stable reference for the excitation amplitude an additional sensor S4 like 
shown in Fig. 1b can be placed where the amplitude of the oscillation is bigger than the measuring range h of the 
sensor. While the sensors S1, S2, and S3 are measuring the full oscillation of the pipe the fourth sensor outputs a clipped 
signal which is shown in Fig. 1c. Using a bias free estimator to detect the edges of the clipped signal the time periods 
where the pipe is in the measuring range Tin or out (Tout,1 and Tout,2) the can be determined. With this information, the 
measured frequency of the oscillation T-1 and the long-term stable size of the optical aperture h the measured amplitude 
AN at the Sensor S4 the position information can be determined in metres from the time information by the following 
equation  
(2)
From the position of sensor S4 relative to S1, S2, and S3 and the position of the rotation axis the real amplitude at each 
sensor can be calculated. 
(a) (b) (c) 
Fig. 1. (a) Behaviour of excited U-shaped flow pipe with and without mass flow ী 
(b) Arrangement of four optical sensors for measurement of the pipe motion 
(c) Three sensor signals on top for direct phase estimation and the clipped one at bottom for excitation amplitude calibration 
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3. Digital Filters 
As digital filters are cheap, space saving, independent on component tolerances, and free from temperature effects 
usually only minor analogue signal processing like offset removal, anti-aliasing and signal amplification has to be 
done using analogue circuits. The analogue to digital conversion is then often realized using Ȉ¨-converters because of 
their noise shaping through oversampling and good phase preservation. The important performance characteristics of 
digital filters for this application are the Signal-to-Noise ratio (SNR) enhancement and the step-response-time tS. The 
signal enhancement can be determined using 
 
(3)
with the standard deviation of the noise of the filtered signal ıyn2, the frequency Ȧ, the power density spectrum of the 
input signal Sxx, the power density spectrum of the output signal Syy, the sampling time Ts and the transfer function of 
the filter H [3]. The dynamic of the filter can be evaluated from the response of the filter to a flow change or a step 
function. The response of the filter is the filtered signal y which can be calculated using 
 
(4)
with the i-th value of the input signal x, the filter coefficients of the input signal b and the filter coefficients a of the 
feedback line of the filtered signal. Methods to calculate these coefficients for Butterworth, Cauer, Chebyshev Notch 
or other filters characteristics are described by Schlichthärle [3]. The coefficients also have to describe a minimum 
phase system, because these systems have the smallest possible group delay for a given amplitude profile. The phase 
step response of a third order Butterworth filter is shown in Fig. 2a. The time td describes the delay until the deviation 
of the filtered signal to the real value is less than ĳİ. This time is nearly proportional to the order of the filter and 
inversely proportional to its bandwidth. 
 
4. Phase Estimation 
A correlation based method for online phase estimation provides high efficiency and robustness in combination 
with low computational complexity in comparison with methods based on Hilbert transform, quadrature demodulation 
or discrete-time Fourier transform as shown in Fig. 2b and described in detail in [2]. It comes close to the Cramér-
Rao bound which expresses a lower bound on the variance of estimators of a deterministic parameter. The lower 
bound for the phase difference of two signals from two sources with SNR1 and SNR2 can be calculated according to 
IEEE Standard 1057 [4] by 
 
(5)
with the number of samples N considered by the estimation. The SNR can be calculated as the ratio of the signal power 
of the filtered signal, which is equivalent to the variance of the signal ıy2, to the noise power, which is equivalent to 
the variance of the noise ıyn2 by SNR = ıy2 / ıyn2. The time needed to record N samples is N times Ts. 
 
An optimization based on this information, the required phase resolution and the SNR and frequency of the acquired 
signals will predict the optimal filter coefficients in combination with the optimal number of samples considered by 
the phase estimator. This optimized system minimizes the response time of the whole system to a flow change 
including the resulting filter delay td. 
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5. Results 
The sensor correction algorithm allows precise flow measurement independent of the orientation and position of 
the rotation axis like shown in Fig. 2c. With the amplitude calibration long-time stable flow pipe excitation can be 
achieved without the need to interrupt the measurement. 
Ripples in the passband of the filter do not affect the measurement result as only the phase information is used in 
the signal analysis. For this reason a fourth order Cauer bandpass filter with a bandwidth of 110 Hz for preprocessing 
of the acquired signals to an SNR over 60 dB and considering about 8k samples for the phase estimation is the optimal 
configuration for the considered sensor. This configuration has shown to be faster and more robust as a previous 
combination of digital filters and phase estimator estimator which has been dimensioned without optimization. 
 
6. Conclusion 
With these correction and calibration algorithms the high manufacturing effort can be reduced, because 
superimposed oscillations can be identified and compensated in frequency and space. Up to now the high 
manufacturing effort is a result of the need for highly symmetrical flow pipes with a high Q-Factor and little mode 
coupling. Also all proposed algorithms, filters and estimators can be implemented on low cost FPGAs or DSPs for 
real time analysis of the acquired signals. 
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(a) (b) (c) 
Fig. 2. (a) Filter response of third order Buttherworth lowpass filter to step phase change of a sinusoidal input signal 
(b) Phase standard deviation ı in dependence of SNR, the number of samples considered in the estimation and different estimation  
      methods in comparison with the Cramér-Rao lower bound. 
(c) Flow measurement error with (+) and without (Ƶ) signal correction. 
